Introduction hybridization to show that Pcdh-␥ genes are transcribed in most, if not all, neurons with distinct but overlapping Intercellular adhesive interactions are critical for the depatterns of Pcdh-␥ isoforms in individual neurons. We velopment of neuronal ensembles and for the formation then generated an allele in which the green fluorescent and maintenance of their interconnections. Cadherins protein (GFP) is fused to the C-terminal Pcdh-␥ exon are attractive candidates for such roles. The canonical and used the resulting mice to show that Pcdh-␥ protein cadherins (types I and II) are a family of ‫02ف‬ transmemis localized to some synapses but is not confined to brane glycoproteins with ectodomains that mediate calthem. Finally, we used a double-targeting strategy to cium-dependent homophilic intercellular adhesion and ablate the entire complement of 22 Pcdh-␥ genes. Nucytoplasmic domains that interact with cytoskeletal and merous aspects of neurogenesis, neuronal migration, signaling molecules (Yap et al., 1997). Several cadherins axon outgrowth, and synapse formation proceeded in are essential for morphogenesis and histogenesis of the absence of Pcdh-␥. Unexpectedly, however, specific nonneural tissues (Takeichi, 1995 
Results

Localization of Pcdh-␥ Proteins
To assess the distribution of Pcdh-␥ proteins, we generated antisera to a peptide encoded by the ␥C common Expression of Pcdh-␥ Genes exons. The sera recognized multiple bands of ‫051ف‬ kDa To map Pcdh-␥ expression, we first performed in situ in Western blots of brain lysates ( Figure 2A ). This is hybridization with a probe directed against the common larger than the size predicted from nucleotide sequence ( Figures 1B and 1C) . In the brain, synaptosomes and enriched in the postsynaptic density broad expression persisted into adulthood; levels were fraction ( Figure 2A ). This distribution was distinct from highest in cortex, hippocampus, inferior colliculus, and that of the broadly distributed adhesion molecule the Purkinje cell layer of the cerebellum but were detect-N-CAM, indicating a specific association with synaptic able in most regions of brain and spinal cord ( Figure 1D membranes. On the other hand, Pcdh-␥ was more and data not shown).
broadly distributed than highly synapse-specific proWe next used double-label in situ hybridization to teins such as glutamate receptor subunits (NR1 and compare the expression of variable exons with each NR2A) or a receptor-anchoring protein (PSD-95), sugother and with the common exons. We chose two genes, gesting that some Pcdh-␥ protein is nonsynaptic. A11 and C4 (see Figure 1A) for detailed study. As exThe antisera were unsuitable for immunohistochemipected, most if not all cells expressing either variable cal studies, so we generated a Pcdh-␥ allele in which exon also expressed the common, C-terminal exons the C-terminal exon was fused to GFP (Figures 2B and ( Figure 1E and data not shown). However, the extent of 2C; allele name Pcdh-␥ fusg ). In mice generated from this coexpression of the two variable exons varied among targeting vector, the Pcdh-␥-GFP protein was exregions. In thalamus, for example, A11 and C4 were pressed under the control of endogenous Pcdh-␥ reguextensively coexpressed ( Figure 1F ), whereas largely latory elements, and the fusion protein was concennonoverlapping sets of cells expressed these two exons trated in the postsynaptic density fraction ( Figure 2D ). in olfactory cortex ( Figure 1G) ) were healthy, indicating together with data on the deletion allele preronal subtypes. The overall size and structure of the spinal cord did not differ detectably between mutants and controls prior to analysis was infeasible for the Pcdh-␤ cluster because it has no common exon, but RT-PCR revealed that tran-E15 ( Figure 3F ), suggesting that Pcdh-␥ is dispensable for early steps in neural development, including the birth scripts of at least two Pcdh-␤ genes (␤17 and ␤22) were present at similar levels in control and mutant brain of most neurons (Nornes and Carry, 1978). By E18, however, the mutant spinal cord was clearly smaller than ( Figure 3C ).
Pcdh-␥ del/del mice were born alive but died in Ͻ12 hr that of controls, and this difference was dramatic by birth ( Figure 3F ). This suggested that neural develop-( Figure 3E ). During their brief lives, the homozygotes exhibited a hunched posture, shallow and irregular ment halted, slowed, or even regressed in the absence of Pcdh-␥. We used a variety of histological methods breathing, and repetitive limb tremors that were coordinated bilaterally, but not between fore-and hindlimbs.
to distinguish among these alternatives. Immunostaining with antisera to growth cone-, axon-, They did not nurse, failed to right themselves when turned over, and responded to tail pinch with weak voand dendrite-specific proteins (GAP-43, neurofilaments, and MAP-2, respectively) showed that initial neuronal calization but no withdrawal movements. Dissection revealed no obvious defects in the heart, lungs, or other differentiation and polarization proceeded in the mutant, though the amount of neuropil was decreased (Figure 3F internal organs that might account for this phenotype, and immunohistochemical analysis of whole-mount and data not shown 4H and data not shown). As discussed below, synaptic density was reduced in mutant spinal cord, especially in the interneuron-rich intermediate gray (Figures 4C-4F) . Nonetheless, we found no qualitative differences between synapses in mutants and controls.
Synapses were also examined with an electron microscope. Although synapses were more difficult to find in the intermediate gray of Pcdh-␥ del/del mice than in controls, mutant synapses appeared to have a normal ultrastructure, including pre-and postsynaptic densities and a pool of synaptic vesicles associated with the presynaptic density ( Figure 4I) . Occasionally, vesicles apparently undergoing fusion or recycling could be observed in both mutants and controls. Because synaptic adhesion proteins such as cadherins extend into the synaptic cleft (e.g, Yamagata et al., 1995), we also used a bismuth stain, which is known to selectively impregnate the cleft (Pfenninger, 1971 ). Again, Pcdh-␥ del/del synaptic ultrastructure appeared essentially normal ( Figure 4J ). Together, these analyses indicate that extensive neuronal differentiation occurs in the absence of Pcdh-␥. analyze migration, we used BrdU birthdating to mark neurons that migrate radially to specific cortical layers, anti-GABA and anti-calbindin to mark interneurons that as the DeOlmos stain ( Figurse 6D-6F ). The extent of degeneration at P0 varied among areas, being particumigrate tangentially from the ganglionic eminence to the cortex, and anti-reelin to mark Cajal-Retzius cells of larly striking in the basal forebrain, thalamus, and medulla, with little in cerebral cortex, hippocampus, and the cortical marginal zone. Most cortical neurons, which normally expressed Pcdh-␥, migrated without detectcerebellum (data not shown). In no case, however, was neurodegeneration in brain as dramatic as that observed able abnormality in the absence of Pcdh-␥ ( Figures 1B  and 1D, 6A-6C, and data not shown) . Likewise, antibodin the spinal cord, and whereas the spinal cord of mutants was grossly smaller than that of controls by birth, ies to synaptic components showed that synapses formed in Pcdh-␥ del/del brain (data not shown). At later mutant and control brains were similar in size. Nonetheless, the general phenotype-normal early differentiation stages, however, some of the neurons that had differentiated underwent degeneration and apoptosis, as shown followed by late neurodegeneration-is seen throughout the central nervous system Pcdh-␥ del/del mice. by TUNEL and activated caspase 3 staining, as well this would be obscured by the neonatal lethality of the At this point, too little is known about the structure mutant. However, motoneurons are amongst the earliest and ligands of Pcdh-␥ to justify extensive speculation born and hippocampal neurons survive for over three about the cellular or molecular mechanisms by which weeks in culture. Alternatively, the survival of motor and they act. We briefly mention, however, two intriguing sensory neurons might reflect their ability to obtain trocategories of possibilities. First, Pcdh-␥ gene products phic sustenance outside the nervous system, but this might participate in the mechanisms by which trophic explanation would not account for the spared central factors sustain neurons. For example, Pcdh-␥ gene populations. A third possibility is that Pcdh-␥ function is products may mediate critical interactions with other redundant with that of other molecules (including other cells or with extracellular matrix, or they might be recepPcdhs) in some, but not all, neurons. tors for soluble trophic factors. The homophilic adhesion
Neurodegeneration and Apoptosis in the
In conclusion, our genetic analysis has provided unproperties of Pcdhs are unimpressive (Angst, et al., equivocal evidence that the Pcdh-␥ genes are critical 2001), raising the possibility that they are receptors for for neural development. Surprisingly, however, in light other ligands. Indeed, some cadherins have heterophilic of previous speculation, the most striking phenotypes in ligands, and members of the Pcdh-␣ subfamily have the mutants suggest a role for Pcdh-␥ genes in neuronal been reported to bind reelin, which regulates migration maturation or survival rather than in patterning or synapof specific neuronal types (Senzaki et al., 1999) . The togenesis. Unfortunately, the neonatal lethality of the developing vertebrate nervous system faces the chalmutant hindered analysis of the mechanisms by which lenging task of regulating the number of neurons within Pcdh-␥ proteins act and a search for roles of Pcdh-␥ in each of numerous subpopulations, and it is possible synaptic specificity. Generation of a conditional allele of that this requires complex combinations of sustenance the Pcdh-␥ genes and inactivation of individual Pcdh-␥ factors and receptors. In this regard, it is intriguing that isoforms should allow us to address these issues. flies and worms, which have numerous neuronal classes but only a few neurons in each class, have neither neurotrophin genes nor clusters of Pcdh genes in their ge-
Experimental Procedures
nomes.
Generation of Targeted Mutants
Second, even though Pcdh-␥ is dispensable for syn- EcoRI digested 3.5 kb fragment amplified by PCR, and a PolII-HSV-TK negative selection marker. We identified ten targeting events by degenerative changes, as recently observed in mutants long range PCR using the primer pair 4668 (GAGGCTTTGATGGTAG Primary cultures were prepared from embryonic hippocampi as described by Serpinskaya et al. (1999) . Neurons were plated at 4000 GGTCAAGCATTCCTG) and 3984 (CGAGATCAGCAGCCTCTGTTC CACATACAC) to detect recombination on the 3Ј side, and the primer cells/cm 2 onto poly-L-lysine-coated glass coverslips and suspended over rat glial feeders in serum-free MEM with N2 supplepair 3755 (GATACAGAGATGCTGCAAGCCATGATCTTGGCCTCT) and 3744 (GTTTACGTCGCCGTCCAGCTCGAC) to detect 5Ј recomments. Cultures were fixed and stained after 15-23 days in vitro. bination. Transient Cre expression in ES cells was used to delete the PGK-neo cassette prior to generation of chimeras.
